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Abstract 


While the use of a high level of platinum (Pt) loading in proton exchange membrane fuel cells (PEMFCs) can amplify the trade off toward higher 
performance and longer lifespan for these PEMFCs, the development of PEMFC electrocatalysts with low-Pt-loadings and high-Pt-utilization is 
critical. Such development strongly depends on the electrode fabrication method and the loaded substrate. This study presents some of the latest 
research into promising methods of reducing the Pt loading while increasing the Pt utilization of the electrocatalysts used in PEMFCs. 

The application of the modified thin film method, despite its relatively higher Pt utilization, to micro-PEMFC applications has proven ineffective 
due to relatively higher Pt loadings. 

Although electrocatalysts fabricated by the electrodeposition method achieved the highest Pt utilization, the application of this method to 
large-scale manufacturing is doubtful due to concerns regarding its scalability. 

The advantage of the sputter method is its ability to deposit Pt directly onto various components of the membrane electrolyte assembly (MEA) 
with ultra-low-Pt-loadings. However, the low utilization and poor substrate adherence of the Pt remain challenges. Nevertheless, if these technical 
problems are overcome, this method appears to be the most promising technology for micro-systems and automotive application fields. 

Other methods, such as dual IBAD method, electro-spray technique and Pt sols methods, exhibited relatively lower Pt loadings and higher Pt 
utilization. However, these methods require further research to evaluate their capabilities and improve their reproducibility. 

Instead of the traditional carbon supports for electrocatalysts, nano-carbon supports such as nanotubes, powders, fibers and aerogels could be 
effectively used to reduce the Pt loadings. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Among the various types of fuel cells, proton exchange 
membrane fuel cells (PEMFCs) possess a series of highly advan- 
tageous features such as a low-operating temperature, sustained 
operation at high-current density, low weight, compactness, 
potential for low cost and volume, long stack life, fast start-ups 
and suitability for discontinuous operation [1—6]. These features 
have elevated PEMFCs as the most promising and attractive can- 
didate for a wide variety of power applications ranging from 
portable and stationary power supplies to transportation. There- 
fore, fuel cell and automotive companies over the past few years 
have announced several new technologies or prototype vehicles 
adopting PEMFCs [7-12]. 

Recently, PEMFCs have begun to move from the demonstra- 
tion phase to commercialization due to the impressive research 
effort in recent years. Nevertheless, several outstanding cost 
reduction problems and technological challenges remain to be 
solved [4]. 

Among the technological challenges in terms of PEMFC 
electrodes, the creating of an anode electrocatalyst tolerant to 
CO at levels of 50 ppm is deemed to be the most significant 
barrier, followed by a cathode electrocatalyst able to reduce 
the overpotential encountered under open circuit conditions and 
significantly enhance the exchange current density. The elec- 
trode fabrication cost can be reduced through several approaches 
such as reducing the platinum (Pt) loadings on both electrocat- 
alysts and by achieving a more effective membrane electrolyte 
assembly (MEA). 

The limited supply and high cost of the Pt used in PEMFC 
electrocatalysts necessitate a reduction in the Pt level [13,14]. 
In addition, the U.S. Department of Energy has set long-term 
goals for PEMFC performance in a 50 kW stack that included 
operation with cathode loadings of 0.05 mg cm~? or less [15]. 

However, recent research has suggested that the lifespan or 
stability of PEMFCs is the most important factor, irrespective of 
the Pt loading per area. In other words, reducing the Pt loading 
in the electrocatalyst is not essential if the high-Pt-loading acts 
to increase the fuel cell lifespan, stability and effectiveness. 

Nonetheless, the development of electrocatalysts with low- 
Pt-loadings remains important. The reduction of Pt loadings in 
electrocatalysts can be achieved thought an enhancement of the 
Pt utilization by increasing the active Pt sites, thinning the active 
layer thickness (<25 wm) and introducing smaller, carbon- 
supported, nanometer-sized, Pt particles (<10 nm) [16-18]. In 
addition, the electrode represents 40%, including 1.7% of Pt, 
of the total cost of PEMFCs [19]. Therefore such steps can 
substantially lower the MEA cost and reduce the weight and 
volume of PEMFCs [20]. The size of PEMFC is more impor- 


tant when PEMFCs are applied to micro-system technology. 
Therefore, much of the research on the development of MEA 
has been devoted to improving the utilization efficiency of Pt 
electrocatalyst and reducing the Pt loadings [21-24]. 

The Pt loading of the cathode electrocatalyst is traditionally 
the same or more than that of the anode electrocatalyst due to 
different electrochemical kinetics at both electrode interfaces. 
In other words, O2 kinetics (at high potentials) and O2 diffu- 
sion (at low potentials) at the cathode are the primary limitation 
of the fuel cell performance. Therefore, increased Pt loading at 
the cathode is needed to increase the rate of O2 reduction (by 
increasing the available sites) and reduce the O» diffusion resis- 
tances [12,15]. Therefore, research on reducing the Pt loading 
has focused more on the cathode electrocatalyst than the anode 
electrocatalyst. However, there is a limitation in increasing Pt 
utilization based on MEA when only considering the Pt loading 
on the cathode electrocatalysts. 

Therefore, various Pt loaded supports (or substrates) for 
PEMFC components have recently been developed such as 
gas diffusion layer (GDL) of both electrodes, GDL-bonded 
noncatalyzed carbon layer (NCL), membrane (or Nafion), 
Nafion-bonded NCL, noncatalyzed carbon ink (NCI) and nano- 
carbon supports. 

However, these advanced efforts have not yet been clearly 
investigated [25] and further research is thus required on PEMFC 
electrodes [13]. 

In this review, we introduce and discuss some of the latest 
research, limited to that published since 2000, into promis- 
ing and/or potential methods of reducing the Pt loadings while 
increasing the Pt utilization in PEMFCs. The present review 
discusses the methods of fabricating lower Pt loadings at both 
electrodes using NCI, NCL, GDL, and membrane, as well as 
many kinds of combined substrates and other supports such 
as nano-carbons. This review also investigates the most effec- 
tive location of Pt loading and the degree of Pt utilization and 
cell performance under those conditions. Therefore, this review 
provides useful information on the development of methods of 
lowering the Pt loadings in PEMFCs. 


2. Pt electrocatalysts in PEMFC 
2.1. Level of Pt loadings and Pt utilization 


The first generation of PEMFCs introduced in the early 
1990s used PTFE-bound, Pt-Black electrocatalysts [13,26] and 
exhibited excellent long-term performance at a high cost. These 
electrocatalyst layers generally featured expensive Pt loadings 
of 4-10 mg cm~? of MEA which was prohibitive for commer- 
cialization [26,27]. At that time, it was considered that the Pt 
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loadings should be lowered to 0.4 mg cm7? based on the cath- 
ode to support PEMFC commercialization [23,28]. Therefore, a 
considerable amount of research has been directed at reducing 
the Pt loading below this value. 

In 1997, the Pt loading was decreased to <1 mg cm~? of MEA 
[29], primarily by substituting Pt-Black catalysts with higher 
surface area, carbon supported, Pt catalysts, and by using a 
perfluorosulfonic-ionomer binder in the thin-film catalyzed lay- 
ers [21]. Due to these innovations in materials and processing 
technology, state-of-the-art fuel cells at that time yielded cell 
voltages which greatly surpassed those of the older PEMFCs. 
Two papers [30,31] presented reports on UTC Fuel Cells, which 
achieved 0.68 V at a current density of 1.0 A cm7? at ambient 
pressure under conditions of 65°C cell temperature and fully 
humidified H2/air at stoichiometric flows of 1.25/2.0. In this 
case, rather low-Pt-cathode loadings of 0.4 mg cm~? were used 
and the Pt loadings on the anode were probably similar or lower 
[32]. 

While this represented a major development, and this Pt 
loading may be sufficient for PEMFC applications such as to 
stationary and uninterrupted-power supply, it is still too high for 
other applications such as those in the mobile and automotive 
field, which require Pt loadings of less than 0.2-0.4 mg cm~? 
of MEA or 0.4gkw! [33]. Gasteiger et al. [34] have 
pointed out that with regard to the future requirements for 
PEMFC electrocatalysts for automotive application, the current 
state-of-the-art level (with H2/air at 80°C) of approximately 
0.7 W cm~? at 0.68 V (for 58% energy conversion), correspond- 
ing to 0.85-1.1 gkW7!, needs to be improved to 0.2 g kW7! at 
>0.65 V [35]. 

Meanwhile, the recent development of mobile applications is 
pushing for even further reductions in Pt loadings. As a result, 
the Pt loading has been reduced to <0.1 mg cm7? based on MEA 
[32,36,37]. Furthermore, Pt loadings as low as 0.04 mg cm~? 
based on the cathode electrocatalysts have very recently been 
reported using novel methods featuring various advanced Pt 
loading methods and development of catalyst support materials 
[35,38]. As a consequence of these focused efforts, the catalyst 
cost may no longer be the major barrier to the commercialization 
of PEM fuel cells. However, most of these advanced methods 
have not yet achieved a commercially viable stage and vari- 
ous technical problems remain, such as catalytic activity, the 
MEA structure and long-term testing. In addition, the high cost 
of preparing low-Pt-loading electrocatalysts and scalability for 
mass-scale manufacturing also remain questionable. 


2.2. General methods of fabricating low-Pt-loading and 
high-Pt-utilization electrocatalysts 


Several ways of fabricating electrocatalysts have been shown 
to produce low-Pt-loadings and effective electrodes [13]. One 
such approach is the thin-film method [28] which fabricates a 
thin catalyzed layer on the membrane. It is evident through- 
out the report that the most common electrode design currently 
employed is the thin-film method. The MEAs prepared by the 
thin-film method have demonstrated high performance with low- 
Pt-loadings [21,26,39]. The thin-film, catalyzed layer increased 


the active area from 22 to 45% [40] more than the older type. 
There are typically two methods of preparing a thin-film, cat- 
alyzed layer on the membrane. One is to use a “decal transfer” 
process, in which the catalyzed layer is cast onto a PTFE blank 
and then decaled onto the membrane [21,41]. The other method 
involves directly coating the catalyzed layer onto the membrane 
[39,41]. However, the second method has been shown to provide 
higher performance than the first method, since it provides a bet- 
ter ionic connection between the membrane and the ionomer in 
the catalyzed layer [26,42]. 

Thin film methods, however, suffering some of the following 
limitations of Pt utilization: problems with controlling the Pt 
particle size with Pt loading on carbon in excess of 40%, unifor- 
mity of deposition in large scale production and high cost due to 
several complex processes and/or steps involved [35]. To over- 
come these limitations, some modified thin film methods such 
as varying the choices of solvents and heat treatment have been 
reported [35,43]. 

The currently emerging methods include electrodeposition 
and sputter deposition. Sputtering is commonly employed to 
form catalyzed layers and is known to provide denser layers 
than the alternative evaporation methods do [44]. This method 
has been adapted for use in the window glass industry, and is cost 
competitive with other coating technologies. The sputtering of 
catalyzed layers consists of a vacuum evaporation process that 
removes portions of a coating material (the target) and deposits 
a thin and resilient film of the target material onto an adjacent 
substrate. 

The other emerging method is the electrodeposition method. 
The patent [45] which first detailed this method involved fabri- 
cating electrodes featuring low-Pt-loadings, in which the Pt was 
electrodeposited onto a noncatalyzed carbon electrode in a com- 
mercial plating bath. This method [46—49] was able to produce 
electrodes featuring Pt loadings as low as 0.05 mg cm~?. 

Together with the aforementioned methods, new approaches 
such as the dual ion-beam assisted deposition [35], electroless 
deposition [50], electro-spray method [51], and direct Pt sols 
deposition [52] have been recently reported to be as effective 
as the traditional methods. In addition, nano-carbon supports 
such as nanotubes, powders, fibers and aerogels have also been 
investigated for use as catalyst support to reduce the Pt loadings. 

In the following section, we review recent (since 2000) works 
in which the Pt loadings in electrocatalysts were effectively 
reduced. Table 1 summarizes these research efforts. 

The table also lists the Pt utilizations calculated from the 
cell performances. While the conditions of the various cell per- 
formance tests are slightly different, the Pt utilizations were 
calculated at their best condition for their best performances. 


3. Recent works on reducing Pt loadings and increasing 
Pt utilization in electrocatalysts 


3.1. Modified thin-film methods 
Most of the modified thin film methods to reduce the Pt load- 


ings in PEMFC are related to the use of catalyzed carbon ink. 
In 2005, Xiong and Manthiram [43] published a paper which 
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Table 1 
Various methods reported since 2000 for reducing the Pt loadings and increasing the Pt utilization of electrocatalysts in PEMFCs 
Preparation methods Pt loaded supports or ` Pt loading Pt utilization Comments Reference Referred 
substrates (applied (mgp: cm~?) (gpt kw7!) earlier 
electrode) papers 
Modified thin film NCI (both) 0.18 0.14>-¢ Pt loading can be reduced to as [43] [37] 
low as 0.05 mgp; cm~? at both 
electrodes 
Electrodeposition NCL (cathode) 0.32 based on cathode 0.33% based on Possible to increase the Pt/C ratio [55] [47,53] 
0.72? (anode = 0.4) cathode 0.75%° up to 75 wt.% near the surface of 
the electrode resulting in a 5 wm 
thick catalyzed layer 
Nafion-bonded NCL 0.50 based on cathode — Better performance than those of [56 - 
(cathode) a conventional electrode with 
loadings of 0.1 mgn cm~? 
Sputter deposition Membrane; Nafion 0.04 1.21°°, 8° Performance is extremely [32 - 
117 (both) (commercial) sensitive to sputtered platinum 
thickness and membrane texture 
GDL, membrane, 0.027 at one layer; 0.26! based on one Of the three substrates, [15 - 
MEA; 0.162 (six layers at layer; 1.207 sputter-depositing Pt on the GDL 
NCI + membrane MEA) showed the best performance 
(both) 
GDL (both) 0.054 (SGL), 0.107 0.288 (SGL), 0.538 Catalyzed layers [59 — 
(ETEK) (not clear (ETEK) based on one __ sputter-deposited onto GDL are a 
whether based on one ` electrode; 0.56°°* very important factor to reduce 
electrode or MEA) (SGL); 1.068°° the Pt loadings 
(ETEK) 
MEA; 0.1 (three layers at 0.51 based on anode; Multi-layers of Pt [20] — 
NCI + membrane anode); 0.4 e sputter-deposited on the gas 
(anode) (cathode = 0.3) diffusion layer provide better 
performance than sputtering one 
Pt layer in the same loading 
Dual ion-beam GDL (both) 0.04 at one electrode 0.297%" IBAD gas diffusion electrodes [35] — 
assisted deposition 0.08* have the potential to create highly 
customized products, therefore 
also revolutionizing the 
micro-fuel cells market 
Electroless deposition Carbon-supported Ru 0.017 (Pt), 0.18 (Ru) 0.70! 2PtRu kw! Only a small degradation in [50] [65] 
nanoparticles (anode) ` based on anode; based on anode performance was recorded after 
Cathode (not clear) 1000 h of operation 
Nano-carbons as catalysts 
Electrodeposition Amorphous 0.0175 based on 0.158 Further research on the [38] 
supermicroporous cathode; 0.0575° improvement of Pt dispersion and 
carbons (cathode) (anode = 0.4) on ASC supports prepared from 
different precursors are needed 
Supercritical Carbon aerogel 0.1 based on cathode; 0.125! based on Better penetration of Nafion [75] - 
deposition (cathode) anode; PtRu (not cathode particles into the pores of the 


clear) 


aerogel carbon support and better 
coverage of the membrane 
surface with a lower Pt content 
catalyst 


7 Remark: Pt loadings based on MEA. 
b Performance condition: H2/O2, 80°C at 2.6/2.7 atm of anode and cathode pressure. 
© Remark: Pt utilization based on MEA. 


4 Performance condition: 
© Performance condition: 
f Performance condition: 
& Performance condition: 
h Performance condition: 
i Performance condition: 
J Performance condition: 
K Performance condition: 
l Performance condition: 


H2/O> at ambient pressure. 
Dry (non-humidified) H2/O2, room temperature at | atm. 
Hp)/air, 70°C at 1 atm. 

H/O2, at ambient temperature and pressure. 
70°C at backing pressure of 100 kPa. 
Har, 80°C at 50/60 psig of anode and cathode back pressure. 
H: with 50 ppm of CO/4% air. 
H»/O2, 80 C at 0.1 MPa. 

H)/air, 60°C at ambient pressure. 
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Fig. 1. Comparison of the electrochemical performances of MEAs with vari- 
ous Pt loadings. The weight/area values in the legend refer to the Pt loading. 
MEA-C1, MEA-C2, and MEA-C3 were prepared by the conventional method, 
and MEA-M1, MEA-M2, MEA-M3, and MEA-M4 by the modified thin film 
method. The data were collected with cell and humidifier temperatures of 80°C 
and hydrogen and oxygen pressures of 2.6 and 2.7 atm, respectively [43]. 


described a modified thin-film method of fabricating MEAs with 
ultra-low-Pt loadings. The method involves mixing the catalyzed 
carbon with Nafion solution and water, i.e., the catalyzed carbon 
ink, without adding any additional organic solvent. According 
to the paper, this special catalyzed ink was coated on both sides 
of the Nafion and this MEA was heat-treated at lower tempera- 
tures (<100 °C). The performances of the MEAs fabricated by 
this method were evaluated as achieving higher Pt utilization 
efficiency and power density than the MEAs prepared by the 
traditional thin film method. The best performance was achieved 
at a Pt loading of 0.1 mg cm~? with a maximum power density 
of 714 mW em as shown in Fig. 1. 

According to Xiong and Manthiram’s paper [43], the 
improved performance of their MEAs was due to the char- 
acteristics of the preparation method. These include different 
hot-pressing temperature and pressure. Because the heating tem- 
perature for the elimination of the other additives is a relatively 
low 80°C in this method, no obvious distortion or deforma- 
tion of the painted area was observed in their study. In addition, 
they claimed that the higher electrochemical surface area of the 
MEAs prepared by this method might be due to the more intimate 
membrane/electrode interface achieved by directly depositing 
the catalyzed layer onto the membrane. A scanning electron 
microscopic analysis revealed that the thin catalyzed layers were 
more uniform, with better interfacial continuity bet the mem- 
brane and the electrodes, than those of the MEAs prepared by 
the traditional thin film method. 


3.2. Electrodeposition method 


Although basically similar to the thin film approach, the 
electrodeposition method might be more efficient in terms of 
Pt utilization, because the Pt is theoretically deposited at the 
most efficient contact zones for the ionic and electronic path- 
ways of the substrate. Therefore, it is important to choose the 
Pt-deposited substrate such as the membrane and NCL. 

In 1992, Taylor et al. [47], one of the first to report this 
approach, used pulse electrodeposition with Pt salt solutions 


which relied on their diffusion through thin Nafion on a car- 
bon support to enable electrodeposition in regions of ionic and 
electronic contact on the electrode surface [35]. Subsequent 
improvements to this approach have been reported by Antoine 
and Durand [53]. They impregnated carbon with H2PtCl¢ and 
applied an electrochemical, pulsed current to deposit Pt in the 
Nafion active layer. According to the paper, this process guar- 
antees good ionic and electronic percolations (i.e., small ohmic 
drops), high-Pt-mass fractions Oe, smaller active layer thick- 
ness and hence smaller diffusion limitations), and a narrow 
nanoparticle size distribution (2-4 nm) [35]. However, this pro- 
cess is strongly limited by diffusion of the Pt complex ion 
across the Nafion layer. In addition, the Cl~ ions which are 
produced from the electrodeposition of Pt from H2PtCl¢ remain 
in the active layer and thereby poison the Pt and reduce its cat- 
alytic activity [54]. Therefore, based on the studies described 
above, in 2004, Kim et al. [55] described an advanced method 
in which Pt was deposited directly on the surface of the carbon 
blank electrode using a Pt plating bath containing 10gL~! of 
H2PtCle and 60gL~! of HCl at room temperature. The blank 
carbon electrode [25] was loaded on the sample holder cou- 
pled with a copper plate which acted as a current collector. 
Pt gauze was used as the anode. A pulse generator was used 
to control both the pulse wave and the deposition current den- 
sity. The current densities, duty cycle and charge density were 
varied in order to optimize the deposition rate. After electrode- 
position, the electrodes were heat treated in air and H2. Then, 
the electrocatalyzed electrode was impregnated with 5 wt.% of 
Nafion solution. This Nafion-impregnated electrode and Nafion 
112 were bonded together to form an MEA by hot pressing at 
130°C for 3 min at a pressure of 140 atm. According to their 
paper, when the cells were operated under ambient pressure, the 
MEA-equipped cell exhibited a current density of 1.6 A cm~? 
at 0.6 V with a Pt loading of 0.32mgcm~? for the cathode. 
Furthermore, it was possible to increase the Pt/C ratio up to 
75 wt.% near the surface of the electrode, thereby achieving 
a 5-um thick catalyzed layer with most of the Pt being in 
close contact with the membrane. They therefore proclaimed 
the results to be supportive of pulse electrodeposition as an 
attractive technique to replace the conventional, powder-type, 
MEA preparation methods and help achieve the industry goals of 
reducing the catalyst cost and increasing the PEMFC efficiency 
[55]. 

In a similar research direction, in 2005, Wei et al. [56] 
investigated the performance of electrodeposited Pt onto a 
Nafion-bonded carbon electrode for cathode reaction. Based 
on the results from the cyclic voltammetry showing loadings 
estimated at 0.50 mgcm~?, they claimed that the electrode per- 
formance was much better than that of a conventional electrode 


with loadings of 0.1 mgcm7. 


3.3. Sputter deposition methods 


Sputter deposition is widely used for integrated circuit man- 
ufacturing and has been investigated as a preparation method 
for PEMFC electrocatalysts for more than a decade due to the 
following advantages: 
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e It allows the preparation of precise Pt content and thickness, 
as well as microstructure morphology [15] and much smaller 
Pt particle size which increases the Pt surface area, activity, 
and utilization. 

e The method facilitates the fabrication of a nano-scale Pt layer 
with uniform distribution [57]. 

e The preparation process is simple and easy to scale-up. 

e The process allows Pt deposition onto various PEMFC sub- 
strates such as GDL, membrane and NCL (or Nafion-bonded 
NCL). 


Therefore, the sputter deposition technique has recently been 
recognized to have a great potential for reducing the Pt load- 
ings of PEMFC electrocatalysts [20]. In 1997, Hirano et al. [58] 
firstly reported promising results with a thin layer of sputter- 
deposited Pt on wet-proofed, noncatalyzed GDL (equivalent 
to 0.01 mgcm~*) with similar results to those of a commer- 
cially available, conventional Pt/C (0.4 mg cm“) electrode [35]. 
Subsequently, the MEA performance of this method has been 
extensively evaluated by investigations on the choice of Pt- 
deposited components, MEA structure and sputter deposition 
condition. 

In 2002, the effect of Pt loading directly onto Nafion was 
investigated by O’Hayre et al. [32]. They evaluated the abil- 
ity of catalysts to reduce the Pt loading prepared by the direct 
sputtering of Pt onto the membrane. The MEAs used in their 
studies consisted solely of ultra-thin, sputtered Pt films deposited 
directly onto Nafion 117 membranes. No carbon inks, binding 
materials, Nafion solutions, or other agents were used in their 
construction. For the MEAs prepared in this way, cell polar- 
ization, electrochemical impedance spectroscopy, and cyclic 
voltammetry measurements were carried out to elucidate the 
connection between the sputtered Pt microstructure and the ulti- 
mate fuel cell performance. 

According to these studies, the performance of the sputtered 
Pt fuel cells depends strongly on the thickness of the sputtered 
catalyzed layer. While Pt can be sputtered onto Nafion mem- 
branes to produce films up to several microns thick, it was 
found that films only 5—10 nm thick produced the best fuel cell 
performance. These ultra-thin films not only optimize the per- 
formance, but also result in ultra-low-Pt-loading in the range of 
0.01-0.02 mg cm~. In addition, the performance of a sputter- 
deposited membrane with a Pt loading of 0.04 mg cm~? based 
on MEA is comparable to that of a commercial MEA with a Pt 
loading of 0.4mgcm7?. At a maximum power output of 60% 
of the commercial MEA, it uses only 10% of the amount of Pt, 
as shown in Fig. 2. 

Besides direct Pt sputtering onto the membrane, the following 
two methods have been reported for direct Pt sputtering onto the 
GDL. 

In 2002, Huag et al. [15] reported their examination of the 
direct sputter deposition of Pt onto GDL, membrane, and NCL, 
for which GDL showed the best substrate performance. This 
result was ascribed to GDL’s rough surface, which allows the 
generation of a greater Pt active area, and high porosity, which 
allows gas diffusion to and from the electrodes even after Pt 
deposition. They hypothesized that the deposition of a single Pt 
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Fig. 2. I-V curves comparing the performance of a commercial MEA, with a 
platinum loading of 0.4 mg cm~?, to that of a thin film-sputtered platinum MEA 
with a platinum loading of 0.04mgcm~?. Cell measurements were taken at 
room temperature using dry (non-humidified) H2/O2 at 1 atm [32]. 


layer creates alternating regions of active and inactive Pt. They 
claimed that Pt is only active as a catalyst when it is in contact 
with the electrolyte and a conductive support, whereas Pt not in 
contact with Nafion is inactive because of the impossibility of 
proton transport. The inherent roughness of the GDL increases 
this area of active Pt compared to the relative smoothness of the 
MEA and bare membrane. 

They claimed, however, that the sputter deposition of multiple 
layers of Pt on the GDL showed no improvement in performance 
over an equivalent amount of Pt sputtered as a single layer. They 
postulated that this might be because the added Pt serves only 
to increase the layer of inactive Pt. Based on their experiments, 
they therefore concluded that the optimal performance of Pt 
sputter deposition was shown from the Pt-sputtered MEA con- 
taining a six-layered Pt + both dilute NCL with a current density 
of 0.17 A cm7? at 0.6 V, as shown in Fig. 3. 

In 2005, Gruber et al. [59] investigated the effect of Pt load- 
ings onto GDL using sputter deposition. According to the paper, 


e FELL NCI layer + 3 x (1,0 min Pi SO + NCI Layer) 
e. PEN NCI yer + 6x (0.5 min Pt SD + NCI Layes) | 
— PEM. Sisto NOI tayer + 6 (0.5 min PI SD + Bule NC Layer) | 
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Fig. 3. Performance comparison of MEAs comprised of three and six layers 
(anode and cathode) using pure NCI. P = 1 atm, T=70°C. The Pt loadings and 
thicknesses of 1.0min Pt SD layer: 0.0407 mg cm" and 5nm; the Pt load- 
ings and thicknesses of 0.5 min Pt SD layer: 0.027 mgcm~? and 2.5 nm. The 
thicknesses of pure NCI: 12 um; the thicknesses of dilute NCI: ~4 um [15]. 
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Power per Pt loading [W/mg] 


Current density [mA/cm2] 


Fig. 4. Power per mg of Pt content vs. current density for different Pt loadings 
on E-TEK (21 °C, ambient pressure, and H2/O>2 operation) [59]. 


thin Pt layers were deposited on two types of GDLs (SIGRACET 
GDL-HM, SGL Carbon Group) and noncatalyzed ELAT (E- 
TEK Div., De Nora) from a Pt diode target using an RF power 
of 50 W and a pressure of 2 Pa at room temperature. Pt loaded 
GDLs and Nafion 115 were hot-bonded to form an MEA at a 
temperature of 140°C. After evaluating the performances with 
two kinds of MEAs while feeding H2/O2 at ambient tempera- 
ture and pressure, the maximum power densities achieved with a 
2.5-nm thick Pt layer (0.005 mg cm7?) were 124 mW cm~? for 
E-TEK and 132 mW cm™? for SGL, as shown in Fig. 4. 

For the 5-nm thick Pt layer (0.011 mgcm7*), a maxi- 
mum power density of 156m mW cm~? was observed for 
E-TEK, compared to 149mWcm~? for SGL. For catalyzed 
layer thicknesses of 10 and 25nm, the power densities for 
both GDL substrates were almost equal at about 184 and 
191 mW cm™?, respectively. The best performances for the 
SGL and E-TEK samples were obtained at Pt loadings of 
0.054mgcem~* (191 mW cm~?, 285mAcm~? at 0.6 V) and 
0.107 mg cm7? (203 mW cm~*, 301 mA cm7? at 0.6 V), respec- 
tively. Therefore, the results of this paper confirmed that the 
sputter deposition of catalyzed layers onto porous electrodes 
was a very important factor to reduce the Pt loadings [59]. 

In 2006, Wan et al. [20] investigated the effect of Pt deposition 
on an anode electrocatalyst layer (Nafion + NCI layer) obtained 
by magnetron sputter deposition method. Similar to the method 
of Huag et al. [15], three layers of Pt were sputter-deposited 
on a Nafion+ NCI layer, as shown in Fig. 5, to provide better 
performance, with an ultra-low-loading of about 0.10 mg cm7?, 
than sputtering one Pt layer in the same loading. 

In this paper, they claimed that Pt utilization can be improved 
through the multi-nano, Pt electrocatalyst layer (or multi- 
dimensional) structure in MEA prepared by sputter deposition 
techniques. 

Besides these works, many studies [16,60] have shown that 
low-Pt-loadings, e.g., below 0.1 mg cm~?, sputtered on PEMFC 
and DMFC allow remarkable power densities to be obtained. 
Furthermore, in 2006 Chang et al. [61] reported the performance 
of a Pt-Ru anode electrocatalyst prepared by sputtering method. 


es Anode @ Cathode 


uoyeN 


Sputter-deposited 
NCL Pt layer 


Fig. 5. Diagrams for the proposed catalyzed layer structure (anode) and MEA 
(NCL, Nafion-carbon ink layer) [20]. 


While the sputter deposition technique provides for a cheap, 
direct deposition method, the performance of such PEMFCs 
with the MEA (or GDL, NCL and membrane) prepared by 
sputter deposition methods still mostly falls behind that of 
conventional, ink-based fuel cells with higher Pt loadings. In 
addition, the most serious drawback of the sputter deposi- 
tion method is well recognized to be its poor durability, i.e., 
physical weakness. In most cases, the deposition has rela- 
tively poor adherence to the substrate and there is a greater 
probability of dissolution and sintering [35]. Therefore, further 
research should be conducted to enhance the physical prop- 
erties of components prepared by sputter deposition, such as 
multi-layered products, and to determine the optimum condi- 
tions of the sputter deposition method, such as bias voltage, 
RF power, sputtering-gas pressure and sputtering time, which 
influence the deposition rates of the microstructures on the 
substrates. Furthermore, studies on the optimum catalyst poros- 
ity and thickness are important because the smaller particle 
size of sputter-deposited Pt probably hinders water transport 
[58]. 


3.4. Dual ion-beam assisted deposition 


In 2006, Saha et al. reported [35] an improved deposition 
methodology based on the ion deposition technique: a dual ion- 
beam assisted deposition (dual IBAD) method on the surface of a 
noncatalyzed GDL substrate. They claimed the dual IBAD to be 
an alternative technology to overcome many of the limitations of 
the aforementioned methods such as thin film, electrodeposition 
and sputter deposition. The dual IBAD process combines phys- 
ical vapor deposition with ion-beam bombardment [44,62,63]. 
The results of a single cell test with their Pt-loaded GDL con- 
structed by dual IBAD were 0.04mgcm~? (for a total MEA 
loading of 0.08mgcm~) and 0.297gkW7!. They claimed 
the electrode constituted a significantly different morphology, 
where low-density Pt deposits (largely amorphous) were formed 
with varying depths of penetration into the GDL, exhibiting a 
gradual change towards increasing crystalline character. How- 
ever, the principal shortcoming of this method is its specific 
power density which is in the range of 0.27-0.43 W cm~? at 
0.65 V. Nevertheless, they claimed that this lower area specific 
power density is due to the higher mass transport losses and that 
it could be mitigated using the more effective patterning of the 
electrode in the process. 
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3.5. Electroless deposition method 


Using H: fuel with a CO level of over 50 ppm, the best 
available anode electrocatalysts are PtRu alloys, usually with 
a 1:1 Pt:Ru ratio. H? is oxidized on Pt, while Ru provides 
an O2-containing species to oxidize CO to COz, thus reduc- 
ing Pt poisoning [64]. In 2000, Brankovic et al. [65] claimed 
that electroless (or spontaneous) deposition of Pt on Ru could 
provide a simple method for well-controlled deposition of 
desired amounts of Pt on Ru nanoparticles that could lead to 
improved Pt/Ru electrocatalysts with considerably reduced Pt 
loadings. 

Referring to this paper, in 2004, Sasaki et al. [50] investigated 
the long-term stability of the ultra-low-Pt-loading anode within 
the PtRu binary electrocatalyst. The electrocatalyst was synthe- 
sized by placing Pt atoms on the clean metallic surface of the 
carbon-supported Ru nanoparticles by the electroless deposition 
method using the following preparation procedures. A clean, 
treated Ru single crystal (0.3 um) was transferred from the UHV 
chamber into an Ar-filled glove box and immersed in PtCl6?~ 
solution for a certain period of time. After immersing it in the 
solution, the crystal was thoroughly rinsed with 0.1 M H2SO4 
followed by ultra pure water and then protected by a water drop 
[65,66]. According to their paper, 1/8 of the anode electrocat- 
alyst prepared by their method consisted of a monolayer of Pt 
on the surface of the carbon-supported Ru nanoparticles, and 
Pt was selectively deposited on the Ru nanoparticles, not on 
the carbon, because the metallic Ru surface acts as a reducing 
agent for Pt deposition. To obtain information on the electronic 
and structural properties of the anode electrocatalysts, measure- 
ments were made using X-ray absorption spectroscopy near the 
edge structure. Based on these results and other papers [65,67], 
they proposed a structural model for the active electrocatalyst, 
which included a cubo-octahedral model of the Ru particles with 
two-dimensional islands of Pt on its surface, as shown in Fig. 6. 
The Ru nanoparticles were supported on the high-surface area, 
Vulcan XC-72 carbon. 

Fuel-cell tests offered the ultimate verification of the useful- 
ness of the electrocatalyst made in this way, by determining its 
long-term stability under real operating conditions, such as H2 
or H: with 50 ppm of CO and 4% air. The tests were carried out 
using electrodes with an area of 50 cm? with an anode content of 


Fig. 6. A cubo-octahedral particle model for the electrocatalyst consisting of 
Ru particles with two-dimensional, Pt islands on its surface [50]. 


180 wg cm~? of Ru, and only 17 ug cm~? of Pt, a loading that 
was approximately 1/10 of the standard Pt loading for fuel cell 
electrodes. According to their paper, a cell voltage of about 0.7 V 
ata constant current of 0.4 A cm~? was maintained until 100 h. In 
their paper, however, the authors provided no clear explanation 
as to how such a small amount of Pt could maintain such large 
current densities, and how the Pt could remain on the surface of 
the Ru nanoparticles for a long time during operation at 80 C. 
However, they ascribed their results to a structure consisting of 
small Pt islands on the Ru surface. This structure seemed partic- 
ularly suitable for the oxidation of H: with small concentrations 
of CO, since CO adsorption is weakened on Ru-supported Pt 
[50]. 


3.6. Other methods 


In 2005, Benitez et al. [51] reported the electro-spray tech- 
nique. The catalyzed ink was dispersed onto a carbon cloth 
using a Vega 2000 commercial airbrush. According to the 
paper, the electro-spray method consists of applying a voltage 
(3300-4000 V) between a capillary tube, in which the cat- 
alyzed ink is forced to flow, and the carbon cloth substrate. The 
high-electric field generates a mist of highly charged droplets 
when the solution emerges. During this process, the droplets 
are reduced in size by evaporation of the solvent and/or by 
“Coulomb explosion” (droplet subdivision resulting from the 
high-charge density). In order to force the catalyzed ink to pass 
through the capillary tube, a nitrogen-pressurized tank was used. 
After performance tests, they claimed that MEAs obtained by 
this method exhibited eight-fold increased power density than 
MEAs prepared by the spray technique. In addition, the power 
density obtained was twice that of a commercial E-TEK. How- 
ever, this method is a variant of the modified thin film method, 
rather than a novel technique. 

Khan et al. [52] reported another method in which Pt sols 
are directly deposited onto the membrane instead of traditional 
catalyzed ink. According to the paper, the Pt sols were prepared 
with a mixture of 0.1 M H: DC eso and 0.1 M sodium citrate 
added to a methanol solution under reflux and stirring at 353 K. 
The reaction for Pt sols preparation was stopped by quenching to 
room temperature immediately, after which the solution turned 
black. In the method, no extra treatment is needed except the 
solvent evaporation. They claimed the Pt loading can be con- 
trolled to as low as 0.01 mgcm~* by varying the sol amount. 
In addition, the MEA fabricated by this method showed high- 
specific activity and comparable single cell performance with 
electrodes prepared from the traditional Pt/C electrocatalysts. 
However, this method might be applied to the electrodeposition 
and thin film methods. 


3.7. Nano-carbon supports 


Nano-carbon supports such as nanotubes, powders, fibers and 
aerogels are also being investigated for use as catalyst support 
for low-Pt-loadings. For example, the power density of PEMFC 
equipped with Pt loaded on carbon powder for the cathode GDL 
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was recently reported to be more than 1200 mA cm~? at 0.6 V 
(85 C, H2/02, 2/5 atm) at a Pt loading of 0.4 mg cm~? [68]. 
This might be ascribed to the properties of nano-carbon catalyst 
supports being more stable and active for Pt loadings [69-71]. 
Therefore, various types of nano-carbon supports and low-Pt- 
loading methods have been investigated worldwide, some of 
which are presented below. 


3.7.1. Carbon nanotubes 

In 2005, Liu et al. [72] reported the studies on the Pt nanopar- 
ticles supported on carbon nanotubes prepared by a simple, 
microwave-assisted, polyol procedure. The polyol process, in 
which an ethylene glycol solution of the metal precursor salt 
is slowly heated to produce colloidal metal, has recently been 
extended to produce metal nanoparticles supported on car- 
bon and Al203 [73,74]. In the process, the polyol solution 
containing the metal salt is refluxed at 393-443 K to decom- 
pose ethylene glycol and thereby yield an in situ generated, 
reducing species for the reduction of the metal ions to their 
elemental states. Therefore, fine metal particles are produced 
and captured by a support material suspending in the solution. 
In these efforts, they claimed that the Pt nanoparticles in the 
cathode electrocatalyst were uniformly dispersed on carbon, 
with diameters of 2—6 nm and the low-Pt-loadings, and, fur- 
thermore, that the electrocatalysts showed high-electrocatalytic 
activity for O2 reduction as tested by a single PEM fuel cell 
[72]. 


3.7.2. Amorphous supermicroporous carbons 

In 2005, Ismagilov et al. [38] investigated the use of amor- 
phous supermicroporous carbons (ASC) as the supports for the 
low-Pt-loadings of the cathode. They claimed Pt loadings into 
ASC synthesized by electrodeposition method ranging from 
0.02 to 0.09 mgcm~?. In addition, their cathode electrocata- 
lyst exhibited considerably better performance than commercial 
cathode (Pt/Vulcan XC-72R), even at a lower Pt loading, as 
shown in Fig. 7. 
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Fig. 7. Voltage vs. mass-specific current density for MEA with Pt cath- 
odes with low-Pt-loading and a conventional anode consisting of 30 wt.% 
Pt/Ketjen Black of 0.05 mgp; cm™?. Vulcan XC-72R: (¢) 0.0380 mgpt em 
(©) 0.0628 mgp; cm~?. Amorphous carbon ASC-1: (@) 0.0175 mgp; cm~?; (O) 
0.0592 mgp, cm "7. CNF: (W) 0.0400 mgp; cm~?; UI 0.0639 mgp; cm~?. CNF: 
(4) 0.0185 mgp; cm~?; (A) 0.0914 mgp; cm~? [38]. 


3.7.3. Carbon aerogel supports 

In 2005, Smirnova et al. [75] published a paper on the perfor- 
mance of PEMFCs with carbon aerogel-supported Pt cathode 
catalysts. These supports are produced by the aqueous poly- 
condenzation of resorcinol with formaldehyde [76], followed 
by pyrolysis to form the porous carbon network structure. The 
metallic catalyst is introduced via organometallic precursors 
using supercritical carbon dioxide, followed by secondary pyrol- 
ysis to form Pt nanoparticles on the surface of the aerogel carbon 
support [77]. The 20-nm electrocatalyst with a low-Pt-loading 
(0.1 mg cm~?) showed the maximum power density of almost 
0.8mWcm~? in air at ambient pressure. This may be due to 
the better penetration of the Nafion particles into the pores of 
the aerogel carbon support and better coverage of the membrane 
surface with a lower Pt content catalyst. 


4. Conclusions 


While a high-Pt-loading gives PEMFCs the advantages 
of longer lifespan with more stability and effectiveness, the 
development of electrocatalysts with low-Pt-loadings remains 
fundamentally important because such development will sub- 
stantially lower the MEA cost and reduce the PEMFC weight 
and volume. Furthermore, higher Pt loadings do not neces- 
sarily mean higher power densities. The low-Pt-loadings and 
high-Pt-utilization strongly depend on the electrode fabrication 
technique, substrate loading, and electrode structure. Therefore, 
according to the various fields of PEMFC application, it is impor- 
tant to select the fabrication methods and related factors which 
hold the promise of increasing the efficiency. Table 2 sum- 
marizes the advantages and drawbacks of various fabrication 
methods to reduce the Pt loadings in PEMFCs. 

In the modified thin film method, the relatively higher Pt 
loadings and higher Pt utilization may be primarily caused by 
the lack of any obvious distortion or deformation of the catalyzed 
layer and the formation of a more intimate membrane/electrode 
interface. However, the nature of this method limits the Pt 
loadings (<0.05 mg cm7?) and ability to control the Pt parti- 
cle size. Therefore, the use of this method in micro-applications 
is unlikely to be effective. 

Electrocatalysts fabricated by the pulse electrodeposition 
method exhibited the highest Pt utilization because the Pt was 
deposited only onto the most active or effective substrate zones. 
However, this also represents a significant increase of Pt load- 
ings compared to those of other methods. In addition, there are 
concerns regarding the method’s scalability for mass scale man- 
ufacturing which suggest it may be difficult to apply this method 
to large-scale applications. Nevertheless, this method has great 
potential in terms of Pt loadings and utilization when using other 
catalysts supports such as ASC. 

The sputter method has relatively more advantageous fea- 
tures and drawbacks, as listed in Table 2, which combine to 
give it significant potential that warrants further research effort. 
The most advantageous feature of the method is its capabil- 
ity for direct Pt deposition onto various MEA components, 
except for carbon electrode, such as GDL and membrane with 
ultra-low-Pt-loadings. However, challenges remain with the 
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Table 2 
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Advantages and drawbacks of various methods of reducing the Pt loadings 


Preparation methods 


Advantages 


Drawbacks 


Modified thin film 


Electrodeposition 


Sputter deposition 


Dual ion-beam assisted deposition 


Electroless deposition 


Nano-carbons as catalysts 


Relatively higher Pt utilization; no obvious distortion or 
deformation of the catalyzed layer due to low-hot-pressing 
temperature, 80 C, and pressure; without adding any 
additional organic solvent; more intimate 
membrane/electrode interface and interfacial continuity 
between them; more economical process 

Relatively higher Pt utilization; deposition of Pt 
theoretically happens at solely active zone (ionic and 
electronic pathways of substrate) of membrane, and NCL 
diminishes inactive catalyst sites; possible to increase the 
Pt/C ratio up to 75 wt.% near the surface of the electrode; 
most of Pt is in close contact with the membrane 

Lowest Pt loadings; Allows the Pt deposition onto various 
substrates such as GDL, membrane and NCL (or 
Nafion-bonded NCL); denser Pt layers; possible to fabricate 
nano-scale; Pt layer with uniform distribution; simple and 
easy to scale-up; cheap direct deposition method 


Relatively lower Pt loadings and higher Pt utilization; 
significantly different morphology, largely amorphous for 
better performance; low-density Pt deposits 


Effective for PtRu binary anode electrocatalyst 


Relatively lower Pt loadings and higher Pt utilization 


Relatively high-Pt-loadings; limits the Pt loading under 
0.05 mg cm~?; difficult to control the Pt particle size; 
uniformity of Pt deposition in large scale 


Relatively higher Pt loadings; concerns on the 
scalability for mass scale manufacturing; complex 
processes and relatively high-Pt-loadings; C17 ions 
produced in process are known to poison Pt and reduce 
the catalytic activity 


Relatively lower Pt utilization; poor adherence of Pt to 
substrate; short durability, i.e., physical weakness; 
greater probability of dissolution and sintering of Pt; 
multi-Pt electrocatalyzed layer structure in MEA for 
higher performance; even smaller particle sized Pt 
probably hinders water transport 


Complex processes and/or steps involved; concerns on 
the scalability for mass scale manufacturing; 
low-specific power density 


Higher fabrication cost 


Strongly dependent on Pt loading methods; high price 


of synthesis of nano-carbons 


low-Pt-utilization, which is ascribed to the Pt deposition onto 
the substrate, including inactive zones, and poor adherence of 
Pt to the substrate. Nevertheless, if these various technical prob- 
lems are overcome, this method holds the potential as the most 
promising technology for micro-systems and automotive appli- 
cation fields. 

Other methods, such as dual IBAD method, electro-spray 
technique and Pt sols methods, exhibited relatively lower Pt 
loadings and higher Pt utilization. However, further research 
and careful evaluation are needed to confirm their reproducibil- 
ity. The electroless deposition method used for the fabrication 
of Pt-based binary electrocatalysts, including the PtRu/C seems 
to be an effective approach. 

Nano-carbons supports such as nanotubes, powders, fibers 
and aerogels could be effectively used to reduce the Pt loading 
of electrocatalysts in PEMFCs. 


Acknowledgement 


This work was supported by the grants from the Seoul R&BD 
Program at Korea University. 


References 


[1] P. Costamagna, S. Srinivasan, J. Power Sources 102 (2001) 242-252. 

[2] A.F. Ghenciu, Curr. Opin. Solid St. M 6 (2002) 389-399. 

[3] V. Mehta, J.S. Cooper, J. Power Sources 114 (2003) 32-53. 

[4] P. Costamagna, S. Srinivasan, J. Power Sources 102 (2001) 253-269. 

[5] S. Gottesfeld, T. Zawodzinski, Advances in Electrochemical Science and 
Engineering, Wiley-VCH, New York, 1997, p. 195. 


[6] A.K. Shukla, P.A. Christensen, A. Hamnett, M.P. Hogarth, J. Power Sources 
55 (1995) 87-91. 
[7] K.V. Schaller, C. Gruber, Fuel Cells Bull. 3 (2000) 9-13. 
[8] F. Panik, J. Power Sources 71 (1998) 36-38. 
[9] S. Kawatsu, J. Power Sources 71 (1998) 150-155. 
[10] A.C. Lloyd, J. Power Sources 86 (2000) 57-60. 
[11] S.A. Weiner, J. Power Sources 71 (1998) 61-64. 
[12] H.A. Gasteiger, J.E. Panels, S.G. Yan, J. Power Sources 127 (2004) 
162-171. 
[13] S. Litster, G. McLean, J. Power Sources 130 (2004) 61-76. 
[14] G.J.K. Acres, J.C. Frost, G.A. Hards, R.J. Potter, T.R. Ralph, D. Thompsett, 
G.T. Burstein, G.J. Hutchings, Catal. Today 38 (1997) 393-400. 
[15] A.T. Haug, R.E. White, J.W. Weidner, W. Huang, S. Shi, T. Stoner, N. Rana, 
J. Electrochem. Soc. 149 (2002) A280-A287. 
[16] K.-L. Huang, Y.-C. Lai, C.-H. Tsai, J. Power Sources 156 (2006) 224-231. 
[17] S. Gamburzev, A.J. Appley, J. Power Sources 107 (2002) 5-12. 
[18] S. Mukerjee, S. Srinivasan, A.J. Appleby, Electrochim. Acta 38 (1993) 
1661-1669. 
[19] H. Tsuchiya, O. Kobayashi, Int. J. Hydrogen Energy 29 (2004) 985-990. 
[20] C.-H. Wan, M.-T. Lin, Q.-H. Zhuang, C.-H. Lin, Surf. Coat. Technol. 201 
(2006) 214-222. 
[21] M.S. Wilson, S. Gottesfeld, J. Appl. Electrochem. 22 (1992) 1-7. 
[22] C.H. Hsu, C.C. Wan, J. Power Sources 115 (2003) 268-273. 
[23] G. Sasikumar, M. Raja, S. Parthasarathy, Electrochim. Acta 40 (1995) 
285-290. 
[24] G. Sasikumar, J.W. Ihm, H. Ryu, J. Power Sources 132 (2004) 11-17. 
[25] H. Kim, B.N. Popov, Electrochem. Solid St. 7 (2004) A71—A74. 
[26] M.S. Wilson, J.A. Valerio, S. Gottesfeld, Electrochim. Acta 40 (1995) 
355-363. 
[27] O.J. Murphy, G.D. Hitchens, D.J. Manko, J. Power Sources 47 (1994) 
353-368. 
[28] M.S. Wilson, US Patent, 5,234,777 (1993). 
[29] T.R. Ralph, G.A. Hards, J.E. Keating, S.A. Campbell, D.P. Wilkinson, 
M. Davis, J. St-Pierre, M.C. Johnson, J. Electrochem. Soc. 144 (1997) 
3845-3857. 


J.-H. Wee et al. / Journal of Power Sources 165 (2007) 667-677 677 


[30] S.S. Kocha, in: W. Vielstich, A. Lamm, H.A. Gasteiger (Eds.), Handbook 
of Fuel Cells: Fundamentals, Technology, and Applications, Wiley, 2003, 
p. 538. 

[31] D.J. Wheeler, J.S. Yi, R. Fredley, D. Yang, T. Patterson Jr., L. VanDine, J. 
New Mater. Electro. Syst. 4 (2001) 233-238. 

[32] R. O’Hayre, S.J. Lee, S.W. Cha, F.B. Prinz, J. Power Sources 109 (2002) 
483-493. 

[33] C. Jaffray, G. Hards, in: W. Vielstich, A. Lamm, H.A. Gasteiger (Eds.), 
Handbook of Fuel Cells: Fundamentals, Technology, and Applications, 
Wiley, 2003, p. 509. 

[34] HA Gasteiger, S.S. Kocha, B. Sompalli, ET. Wagner, Appl. Catal. B: 
Environ. 56 (2005) 9-35. 

[35] M.S. Saha, A.F. Gulla, R.J. Allen, S. Mukerjee, Electrochim. Acta 51 (2006) 
4680-4692. 

[36] Z. Qi, A. Kaufman, J. Power Sources 109 (2002) 227-229. 

[37] Z. Qi, A. Kaufman, J. Power Sources 113 (2003) 37-43. 

[38] Z.R. Ismagilov, M.A. Kerzhentsev, N.V. Shikina, A.S. Lisitsyn, L.B. 
Okhlopkova, Ch.N. Barnakov, M. Sakashita, T. Iijima, K. Tadokoro, Catal. 
Today 102-103 (2005) 58-66. 

[39] M.S. Wilson, S. Gottesfeld, J. Electrochem. Soc. 139 (1992) L28-L30. 

[40] X. Cheng, B. Yi, M. Han, J. Zhang, Y. Qiao, J. Yu, J. Power Sources 79 
(1999) 75-81. 

[41] Y.-G. Chun, C.-S. Kim, D.-H. Peck, D.-R. Shin, J. Power Sources 71 (1998) 
174-178. 

[42] G. Sasikumar, J.W. Ihm, H. Ryu, Electrochim. Acta 50 (2004) 598-602. 

[43] L. Xiong, A. Manthiram, Electrochim. Acta 50 (2005) 3200-3204. 

[44] C.A. Cavalca, J.H. Arps, M. Murthy, US Patent 6,300,000 (2001). 

[45] N.R.K. Vilambi Reddy, E.B. Anderson, E.J. Taylor, US Patent 5,084,144 
(1992). 

[46] M.W. Verbrugge, J. Electrochem. Soc. 141 (1994) 46-53. 

[47] E.J. Taylor, E.B. Anderson, N.R.K. Vilambi, J. Electrochem. Soc. 139 
(1992) L45-L46. 

[48] M.P. Hogarth, J. Munk, A.K. Shukla, A. Hamnett, J. Appl. Electrochem. 
24 (1994) 85-88. 

[49] F. Gloaguen, J.M. Leger, C. Lamy, J. Electrochem. Soc. 27 (1997) 
1052-1060. 

[50] K. Sasaki, J.X. Wang, M. Balasubramanian, J. McBreen, F. Uribe, R.R. 
Adzic, Electrochim. Acta 49 (2004) 3873-3877. 

[51] R. Benitez, J. Soler, L. Daza, J. Power Sources 151 (2005) 108-113. 

[52] MR Khan, S.D. Lin, J. Power Sources 162 (2006) 186-191. 

[53] O. Antoine, R. Durand, Electrochem. Solid St. 4 (2001) A55—A58. 


[54] T.J. Schmidt, U.A. Paulus, H.A. Gasteiger, R.J. Behm, J. Electroanal. 
Chem. 508 (2001) 41-47. 

[55] H. Kim, N.P. Subramanian, B.N. Popov, J. Power Sources 138 (2004) 
14-24. 

[56] Z.D. Wei, SH Chan, L.L. Li, H.F. Cai, Z.T. Xia, C.X. Sun, Electrochim. 
Acta 50 (2005) 2279-2287. 

[57] S.Y. Cha, W.M. Lee, J. Electrochem. Soc. 146 (1999) 4055-4060. 

[58] S. Hirano, J. Kim, S. Srinivasan, Electrochim. Acta 42 (1997) 1587-1593. 

[59] D. Gruber, N. Ponath, J. Müller, E Lindstaedt, J. Power Sources 150 (2005) 
67-72. 

[60] M. Alvisi, G. Galtieri, L. Giorgi, R. Giorgi, E. Serra, M.A. Signore, Surf. 
Coat. Technol. 200 (2005) 1325-1329. 

[61] C.-L. Chang, T.-C. Chang, W.-Y. Ho, J.J. Hwang, D.-Y. Wang, Surf. Coat. 
Technol. 201 (2006) 4442-4446. 

[62] R.J. Allen, J.R. Giallombardo, US Patent 6,077,621 (2000). 

[63] M.G. Fernandes, D.A. Thompson, W.W. Smeltzer, J.A. Davies, J. Mater. 
Res. 5 (1990) 98-108. 

[64] J.-H. Wee, KN Lee, J. Power Sources 157 (2006) 128-135. 

[65] S.R. Brankovic, J. McBreen, R.R. Adzic, J. Electroanal. Chem. 503 (2001) 
99-104. 

[66] S.R. Brankovic, J.X. Wang, R.R. Adzic, Electrochem. Solid St. 4 (2001) 
A217-A220. 

[67] A.N. Mansour, J.W. Cook, D.E. Sayers, J. Phys. Chem. 88 (1984) 
2330-2334. 

[68] E. Antolini, R.R. Passos, E.A. Ticianelli, J. Power Sources 109 (2002) 
477-482. 

[69] A.L. Dicks, J. Power Sources 156 (2006) 128-141. 

[70] M. Carmo, V.A. Paganin, J.M. Rosolenand, E.R. Gonzalez, J. Power 
Sources 142 (2005) 169-176. 

[71] N.M. Rodrigues, A. Chambers, R.T.K. Baker, Langmuir 11 (1995) 
3862-3866. 

[72] Z. Liu, L.M. Gan, L. Hong, W. Chen, J.Y. Lee, J. Power Sources 139 (2005) 
73-78. 

[73] WS Chen, J.Y. Lee, Z.L. Liu, Chem. Commun. 21 (2002) 2588-2589. 

[74] A. Miyazaki, I. Balint, K.I. Aika, Y. Nakano, J. Catal. 203 (2001) 364-371. 

[75] A. Smirnova, X. Dong, H. Hara, A. Vasiliev, N. Sammes, Int. J. Hydrogen 
Energy 30 (2005) 149-158. 

[76] J. Groß, J. Fricke, R.W. Pekala, L.W. Hrubesh, Phys. Rev. B 45 (1992) 
12774-12777. 

[77] C.D. Saquing, T.T. Cheng, M. Aindow, C. Erkey, J. Phys. Chem. B 108 
(2004) 7716-7722. 


